Introduction {#Sec1}
============

Diallyl trisulfide (DATS), a sulfur compound derived from garlic, has various biological properties, such as anticancer (Liu et al. [@CR31]; Pandrangi [@CR47]; Ma et al. [@CR34]; Hung et al. [@CR16]; Shin et al. [@CR53]; Zhou et al. [@CR74]; Chandra-Kuntal et al. [@CR7]; Wu et al. [@CR66]; Xiao et al. [@CR67], [@CR68]; Li et al. [@CR28]; Shankar et al. [@CR52]), antiangiogenic (Lai et al. [@CR26]) and anti-inflammatory (Zhang et al. [@CR72]; Kuo et al. [@CR24]; Zeng et al. [@CR71]) effects.

Diallyl trisulfide inhibits the growth of human cancer cells by inducing apoptosis in association with downregulation of Bcl-2 expression (Ma et al. [@CR34]; Shin et al. [@CR53]; Zhou et al. [@CR74]; Li et al. [@CR28]; Wan et al. [@CR63]; Malki et al. [@CR35]; Choi and Park [@CR9]; Kim et al. [@CR21]), induction of caspases and regulation of PI3 K/Akt and JNK pathways (Shin et al. [@CR53]; Zhou et al. [@CR74]; Choi and Park [@CR9]; Seki et al. [@CR51]; Borkowska et al. [@CR4]). DATS-induced apoptosis of human pancreatic cancer cells is correlated with downregulation of Akt and cyclin D1 protein levels, and up-regulation of Bax, Fas, p53 and cyclin B protein levels (Ma et al. [@CR34]). Recent studies have demonstrated the anticancer effects of DATS against breast cancer (Malki et al. [@CR35]; Hahm and Singh [@CR14]; Chandra-Kuntal et al. [@CR7]; Nkrumah-Elie et al. [@CR46]). DATS inhibits matrix metalloproteinases-2, and -9 (MMP2/9) activities and the metastasis of triple-negative breast cancer. The inhibitory effects are associated with downregulation of the transcriptional activities of NF-κB and ERK/MAPK signaling pathways (Liu et al. [@CR30]). DATS suppresses the invasion of oral squamous cell carcinoma cell lines by reducing matrix MMP-9 via PI3K/AKT (Yang et al. [@CR70]). Migration, invasion and angiogenesis of human colon cancer HT-29 cells and umbilical vein endothelial HUVEC cells are also inhibited by DATS (Lai et al. [@CR26]). In HT29 cells, DATS inhibits migration and invasion through the inhibition of focal adhesion kinase (FAK), extracellular signal-regulated kinase, c-Jun N-terminal kinase and p38, which is associated with inhibition of MMP2/7/9 and VEGF. DATS affects inhibition of tumor growth, tumor weight and angiogenesis (decreasing the levels of hemoglobin) in HT29 cells (Lai et al. [@CR26]). In human umbilical vein endothelial cells, DATS inhibits the migration and angiogenesis through FAK, Src and Ras; the secretion of VEGF is also inhibited in these cells.

Diallyl trisulfide demonstrates antioxidative effects, which are associated with the changes in the activity of antioxidant enzymes and the level of glutathione (Wu et al. [@CR66]; Zhang et al. [@CR72]; Zeng et al. [@CR71]; Mostafa et al. [@CR39]; Prabu and Sumedha [@CR48]; Hu et al. [@CR15]).

Diallyl trisulfide treatment resulted in increasing the levels of H~2~S (Chen et al. [@CR8]; Tsai et al. [@CR59]; Zhao et al. [@CR73]). DATS reacts rapidly with reduced glutathione (GSH) to release H~2~S through thiol--disulfide exchange followed by allyl perthiol reduction by GSH (Liang et al. [@CR29]). Benavides et al. ([@CR2]) first determined that DATS could be converted into H~2~S by human red blood cells or by rat aorta through a thiol, mainly glutathione, -dependent mechanism. H~2~S can be generated endogenously from [l]{.smallcaps}-cysteine by sulfurtransferases, including gamma-cystathionase (CTH), cystathionine beta-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase (MPST) in combination with cysteine aminotransferase (Liu et al. [@CR31]; Kolluru et al. [@CR22]; Jurkowska et al. [@CR20]). H~2~S can be oxidized to sulfane sulfur, a sulfur in the thiosulfoxide form (represented as S^0^), which plays important regulatory functions in biological systems (Toohey and Cooper [@CR58]; Stein and Bailey [@CR55]).

The study we have undertaken shows the effect of diallyl trisulfide on sulfane sulfur level, the activity of H~2~S-generating enzymes, the level of cystathionine and non-protein thiols, such as [l]{.smallcaps}-cysteine, L-cystine, and GSH and oxidized glutathione (GSSG), in human glioblastoma (U87MG) and neuroblastoma (SH-SY5Y) cells. We have shown that DATS results in an intensification of desulfuration pathways of L-cysteine by induction of sulfurtransferases activity, and causing an increase of the cystathionine and sulfane sulfur levels. Interestingly, we have found in this study that inhibition of U87MG and SH-SY5Y cells proliferation by DATS is also correlated with an increase in the inactivated form of Bcl-2 and the percentage of Bcl-2 non-expressing cells. Our results have confirmed (Jurkowska and Wróbel [@CR17]; Jurkowska et al. [@CR19]) that inhibition of cell proliferation is correlated with elevation in intracellular sulfane sulfur level. The present results raise questions concerning the possible mechanism of inhibition of the Bcl-2 protein involved in the regulation of apoptosis. Our study has proven that DATS has an antioxidative effect on cancer cells by increasing the MPST and rhodanese activity and cystathionine and GSH levels.

Materials and methods {#Sec2}
=====================

Sources of chemicals {#Sec3}
--------------------

Folin--Ciocialteau reagent, NADH, lactate dehydrogenase (LDH), pyridoxal phosphate (PLP), N-ethylmaleimide (NEM), bathophenanthrolinedisulfonic acid (BPDS), 2,4-dinitrofluorobenzene (DNFB), 1,4-dithio-bis-(2-nitrobenzoic acid) (DTT), acetonitrile, and crystal violet (N-hexamethylpararosaniline) were obtained from Sigma-Aldrich Corp. (St. Louis, MO, USA). Potassium cyanide (KCN) was obtained from Merck (Darmstadt, Germany), sodium 3-mercaptopyruvate, trifluoroacetic acid (TFA), and 2-mercaptoethanol from Flucka Chemie GmbH. Nε-methyl-[l]{.smallcaps}-lysine was purchased from Bachem (Bubendorf, Switzerland). Fetal bovine serum, trypsin, and penicillin/streptomycin were obtained from HyClone Laboratories (Utah, USA). The Cytotoxicity Detection Kit (LDH) was obtained from Roche Applied Science. All the other chemicals were of reagent grade and purchased from common commercial suppliers.

Diallyl trisulfide (DATS) was purchased from Cayman Chemical Company (Michigan, USA) and dissolved in dimethyl sulphoxide (DMSO; Sigma-Aldrich Corp., St. Louis, MO, USA), and then diluted with the medium Dulbecco's Modified Eagle's Medium (DMEM; HyClone Laboratories, Utah, USA) to the desired concentration prior to its use (the final concentration of DMSO in the medium was less than 0.1%).

Cell culture {#Sec4}
------------

Human U87MG (glioblastoma) and SH-SY5Y (neuroblastoma) cells were obtained from the European Collection of Cell Cultures (ECACC) and maintained at 37 °C in humidified 95% air and 5% CO~2~ in DMEM supplemented with 10% fetal bovine serum (FBS), 2 mM [l]{.smallcaps}-glutamine, and 1% penicillin--streptomycin (100 Units/ml penicillin and 100 μg/ml streptomycin).

Cell homogenization {#Sec5}
-------------------

U87MG and SH-SY5Y cells were suspended in 0.1 M phosphate buffer pH 7.5, in the ratio of 1 × 10^6^ cells/0.04 ml of the buffer, and sonicated 3 × 5 s at 4 °C (Bandelin Sonoplus GM 70). After centrifugation at 4500*g* at 4 °C for 10 min, the supernatant was used for the determination of protein concentration, sulfane sulfur levels and the activity of MPST, CTH, and rhodanese. For GSH, GSSG, [l]{.smallcaps}-cysteine, L-cystine and cystathionine, the cells were suspended in 0.1 ml 10% perchloric acid/1 mM BPDS. The sediment was separated by centrifugation at 1600*g* for 10 min, and the supernatant was saved at −80 °C until used for RP-HPLC analyses.

Enzyme assay {#Sec6}
------------

MPST activity was assayed according to the method of Valentine and Frankenfeld ([@CR61]), with some modifications as described by Wróbel et al. ([@CR65]). The enzyme activity is expressed as nmoles of pyruvate produced during 1-min incubation at 37 °C per 1 mg of protein. Rhodanese activity was assayed by the Sorbo's method ([@CR56]), following a procedure described in Wróbel et al. ([@CR65]). The enzyme activity is expressed as nmoles SCN^−^ formed during 1 min incubation at 20 °C per 1 mg of protein. CTH activity was determined according to Matsuo and Greenberg ([@CR36]) as modified by Czubak et al. ([@CR10]). The enzyme activity is expressed as nmoles of α-ketobutyrate formed during 1-min incubation at 37 °C per 1 mg of protein.

Determination of sulfane sulfur level {#Sec7}
-------------------------------------

Sulfane sulfur was determined by the method of Wood ([@CR64]), based on cold cyanolysis and colorimetric detection of ferric thiocyanate complex ion, and protein was determined by the method of Lowry et al. ([@CR32]) using crystalline bovine serum albumin as a standard.

Determination of GSH, GSSG, [l]{.smallcaps}-cysteine, L-cystine, and cystathionine levels {#Sec8}
-----------------------------------------------------------------------------------------

RP-HPLC (Reversed-Phase High-Performance/Pressure Liquid Chromatography) method was used to determine the levels of such metabolites as [l]{.smallcaps}-cysteine, L-cystine, GSH and GSSG, and cystathionine in the investigated cells based on the method of Dominick et al. ([@CR12]), with some modification as described by Bronowicka-Adamska et al. ([@CR5]).

Determination of cell viability {#Sec9}
-------------------------------

The effect of diallyl trisulfide on cell viability was assessed by measuring the leakage of lactate dehydrogenase (LDH) from dead or dying cells using a Cytotoxicity Detection Kit (Roche) as described previously (Jurkowska et al. [@CR19]). The 100 µM concentration of DATS that yielded LDH leakage of less than 5% was used for the experiments.

Cell proliferation {#Sec10}
------------------

The cells were seeded on 96-well plates at a concentration of 1.2 × 10^3^ cells/well (U87MG cells) or 1.5 × 10^3^ cells/well (SH-SY5Y cells) in DMEM supplemented as reported above. Following 24-h incubation, the culture medium was replaced with 100 µl of complete medium with DMSO (as the control) or 100 µl of medium containing 100 µM DATS and the plates were cultured for 24 and 48 h. The modified crystal violet staining method (Gillies et al. [@CR13]) was used to determine the effect of DATS on the cell proliferation. The absorbance was measured at 540 nm using an Epoch Microplate Spectrophotometer (BioTek).

Bcl-2 expression assay {#Sec11}
----------------------

Bcl-2 expression was analyzed using a Muse™ Bcl-2 Activation Dual Detection Kit (Millipore, Billerica, MA, USA) according to the manufacturer's instruction. The assay utilizes two directly conjugated antibodies, a phospho-specific anti-phospho-Bcl-2 (Ser70)-Alexa Fluor 555 and an anti-Bcl-2-PECy5 conjugated antibody to measure total levels of Bcl-2 expression.

Briefly, 1 × 10^5^ cells were harvested, washed twice with 1X PBS and fixed with Fixation Buffer for 5 min on ice. Following the washing step with PBS, the cells were resuspended in Permeabilization Buffer and incubated for 5 min on ice. After washing with PBS, the cells were resuspended in 1X Assay Buffer containing the antibody working cocktail solution and incubated for 30 min in the dark at room temperature. The cells were analyzed by a Muse™ Cell Analyzer and a Muse™ analysis software (Millipore).

Isolation of total RNA {#Sec12}
----------------------

Total RNA was extracted from the cells using TRIzol reagent (Invitrogen, CA, USA), according to the protocol provided by the manufacturer. The extracted RNA was suspended in ribonuclease-free water and was quantified by measuring the absorbance at 260 nm. The integrity of the purified RNA collected by this method was confirmed by observation of the 28S and 18S rRNA bands after agarose gel electrophoresis.

Reverse transcription of RNA {#Sec13}
----------------------------

Total RNA from the cell samples was reverse-transcribed using the GoScript™ Reverse Transcriptase according to the manufacturer's instructions (Promega Corporation). For reverse transcription (RT), 3 µg of total RNA was mixed with 1 µl of Oligo d(*T*) primer (0.5 µg/μl) and water pretreated with diethylpyrocarbonate (H~2~O-DEPC) and incubated for 5 min at 70 °C. After preincubation, other components were added to this mixture: 4 µl GoScript™ 5× Reaction buffer (Promega Corporation), 3 µl MgCl~2~, 1 µl RNase inhibitor (20 U/µl), 1 µl deoxyribonucleotide triphosphates (dNTPs, 10 mM), and 1 µl GoScript™ Reverse Transcriptase (160 U/µl) in a total volume of 20 µl. The mixture was first incubated for 5 min at 25 °C, then for 60 min at 42 °C, and for the final 15 min at 70 °C, and stored at −20 °C.

Polymerase chain reaction {#Sec14}
-------------------------

Expressions of MPST, CTH, and β-actin were analyzed by PCR. Amplification of cDNA samples was run in a 25 µl reaction volume that contained the following: 2 µl of synthesized cDNA, 0.2 µM of each of gene-specific primer pair, 0.04 U/µl DNA polymerase in 10 mM buffer Tris-- HCl pH 8.8 (supplemented with 1.5 mM MgCl~2~, 50 mM KCl, 0.1% Triton X-100), 0.2 mM of each dNTPs and H~2~O-DEPC.

For the MPST gene, PCR cycling conditions were 94 °C (5 min) for one cycle, 94 °C (30 s), 56 °C (30 s), and 72 °C (2 min) for 28 cycles, with a final extension 72 °C (8 min). Primer sequences were as follows: forward 5′ CCAGGTACCGTGAACATCCC 3′, and reverse 5′ATGTACCACTCCACCCAGGA 3′ (227 bp). The MPST mRNA sequence was obtained from NCBI. These PCR conditions for the MPST gene are published for the first time in this paper.

For the CTH gene, after an initial 5 min at 94 °C denaturation, amplification was performed under the following conditions: 94 °C for 30 s, 51 °C for 60 s, and 72 °C for 8 min for 28 cycles, with a final incubation at 72 °C for 10 min (Jurkowska et al. [@CR18]). The primer sequences were as follows: forward 5′-GCAAGTGGCATCTGAATTTG-3′, and reverse 5′-CCCATTACAACATCACTGTGG-3′ (301 bp) (Levonen et al. [@CR27]).

For the β-Actin gene, after an initial 5 min at 94 °C denaturation, amplification was performed under the following conditions: 94 °C for 30 s, 54 °C for 30 s, and 72 °C for 2 min for 30 cycles, with a final incubation at 72 °C for 8 min (Jurkowska et al. [@CR18]). The primer sequences were as follows: forward 5′-CTGTCTGGCGGCACCACCAT-3′, and reverse 5′-GCAACTAAGTCATAGTCCGC-3′ (\~300 bp) (Kusukawa et al. [@CR25]).

β-Actin was used as an internal standard to normalize all the samples for potential variations in mRNA content. All PCR products were analyzed by electrophoresis on 2.0% agarose gel stained with ethidium bromide, and directly visualized under UV light and photographed.

Statistical analysis {#Sec15}
--------------------

All the experiments were repeated at least three times. The data are expressed as mean ± standard deviation (SD). The statistical analysis was performed using the Student's *t* test; values of \**p* \< 0.05 were considered to indicate statistical significance.

Results {#Sec16}
=======

Effect of diallyl trisulfide on the proliferation of human glioblastoma (U87MG) and neuroblastoma (SH-SY5Y) cell lines {#Sec17}
----------------------------------------------------------------------------------------------------------------------

To examine the effects of DATS on the proliferation of human cancer cells, U87MG and SH-SY5Y cells were treated with 100 µM DATS and then subjected to crystal violet assay. As shown in Fig. [1](#Fig1){ref-type="fig"}, the growth of DATS-treated U87MG and SH-SY5Y cells was significantly decreased. After 24 h of culture, U87MG and SH-SY5Y cells proliferation decreased to about 72 and 84%, respectively, as compared to the control group. After 48 h of culture, DATS inhibited the growth of U87MG and SH-SY5Y cells to about 74 and 48%, respectively.Fig. 1Effect of diallyl trisulfide on U87MG and SH-SY5Y cells proliferation. The cells were treated with 100 µM DATS for 24 and 48 h. The results are represented as a percentage of absorbance relative to the control cells (100%). Data represent mean ± SD; a statistical significance was shown as follows: \**p* \< 0.01; \*\**p* \< 0.001 (Student's *t* test)

Effect of diallyl trisulfide on the Bcl-2 expression in human glioblastoma (U87MG) and neuroblastoma (SH-SY5Y) cell lines {#Sec18}
-------------------------------------------------------------------------------------------------------------------------

A Muse™ Bcl-2 Activation Dual Detection Kit was used to measure the percentage of Bcl-2 protein activation in SH-SY5Y and U87MG cells. Figures [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"} show the percentage of cells with active and inactive (phosphorylated) form of Bcl-2, and non-expressing cells. As shown in Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}, diallyl trisulfide causes an increase in Bcl-2 inactivated in U87MG and SH-SY5Y cells; the active form of Bcl-2 is decreased in both cancer cell lines. Our results indicate that DATS induces apoptosis via suppression of anti-apoptotic Bcl-2.Fig. 2Effect of diallyl trisulfide on expression of Bcl-2 in U87MG cells. The cells were treated with 100 µM DATS for 24 and 48 h. Bcl-2 expression was analyzed using a Muse™ Bcl-2 Activation Dual Detection Kit. The samples were analyzed by flow cytometry. **a** One set of representative results is shown. **b** Each point represents the mean ± SD of three independent experiments Fig. 3Effect of diallyl trisulfide on expression of Bcl-2 in SH-SY5Y cells. The cells were treated with 100 µM DATS for 24 and 48 h. Bcl-2 expression was analyzed using a Muse™ Bcl-2 Activation Dual Detection Kit. The samples were analyzed by flow cytometry. **a** One set of representative results is shown. **b** Each point represents the mean ± SD of three independent experiments

Effect of diallyl trisulfide on the sulfurtransferases activity in human glioblastoma (U87MG) and neuroblastoma (SH-SY5Y) cell lines {#Sec19}
------------------------------------------------------------------------------------------------------------------------------------

As shown in Fig. [4](#Fig4){ref-type="fig"}a, 100 µM DATS caused an elevation of the MPST activity, and the sulfane sulfur level in U87MG cells after 48 h of culture. The rhodanese activity was also increased in the presence of DATS after 24 and 48 h of culture (Fig. [4](#Fig4){ref-type="fig"}a). In SH-SY5Y cells, the activity of MPST and rhodanese, and the level of sulfane sulfur were not changed under these culture conditions (Fig. [4](#Fig4){ref-type="fig"}b). The activity of gamma-cystathionase was low in both cancer cell lines, and DATS did not cause a statistically significant difference in this enzyme activity (Fig. [4](#Fig4){ref-type="fig"}a, b).Fig. 4The effect of diallyl trisulfide on sulfurtransferases activity and sulfane sulfur levels in U87MG (**a**) and SH-SY5Y (**b**). The cells were treated with 100 µM DATS for 24 and 48 h. The values are mean ± SD from three independent experiments. In U87MG cells, rhodanese, MPST, and CTH activities determined after 24 h of culture equaled, respectively, 26 ± 1, 195 ± 13, and 1.2 ± 0.4 nmole/mg protein × min^−1^ (control values), and 31 ± 3, 208 ± 10, and 0.7 ± 0.3 nmole/mg protein × min^−1^ after 48 h (control values). Sulfane sulfur level determined after 24 and 48 h of culture equaled, respectively, 130 ± 20 and 134 ± 15 nmole/mg protein (control values). In SH-SY5Y cells, rhodanese, MPST, and CTH activities determined after 24 h of culture equaled, respectively, 67 ± 7, 889 ± 120, and 1.7 ± 0.7 nmole/mg protein × min^−1^ (control values), and 63 ± 4, 846 ± 44, and 1.3 ± 0.6 nmole/mg protein × min^−1^ after 48 h (control values). The sulfane sulfur level determined after 24 and 48 h of culture equaled, respectively, 134 ± 26, and 134 ± 23 nmole/mg protein (control values)

Effect of diallyl trisulfide on the expression of two sulfane sulfur and hydrogen sulfide generating sulfurtransferases in human glioblastoma (U87MG) and neuroblastoma (SH-SY5Y) cell lines {#Sec20}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We did not observe statistically significant differences in the expression of mRNA of CTH and MPST genes in U87MG and SH-SY5Y cells after incubation with 100 µM DATS (not presented data).

Effect of diallyl trisulfide on the level of non-protein thiols and cystathionine in human glioblastoma (U87MG) and neuroblastoma (SH-SY5Y) cell lines {#Sec21}
------------------------------------------------------------------------------------------------------------------------------------------------------

The RP-HPLC method was used to investigate changes in the level of GSH, GSSG, [l]{.smallcaps}-cysteine, L-cystine, and cystathionine in U87MG and SH-SY5Y cells in the presence of diallyl trisulfide. In both cancer cell lines, an increased level of GSH and GSSG was detected after 24 and 48 h of culture in the presence of 100 µM DATS (Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}). The intracellular level of [l]{.smallcaps}-cysteine in U87MG cells was higher (about 1 nmol/mg, control value) (Table [1](#Tab1){ref-type="table"}) as compared to SH-SY5Y cells (not detected) (Table [2](#Tab2){ref-type="table"}). In DATS-treated SH-SY5Y cells, the level of L-cystine was twofold increased as compared to the control cells (Table [2](#Tab2){ref-type="table"}). In SH-SY5Y cells, the level of cystathionine was also increased in the presence of DATS (Table [2](#Tab2){ref-type="table"}).Table 1DATS effect on the intracellular level of GSH, GSSG, [l]{.smallcaps}-cysteine, L-cystine, and cystathionine in U87MG cellsU87MG\
cellsGSHGSSG[l]{.smallcaps}-CysteineL-CystineCystathioninenmol/mg protein Control 24 h21.9 ± 6.32.2 ± 0.71.0 ± 0.12.7 ± 0.50.05 ± 0.01 DATS 24 h39.0 ± 2.9\*4.5 ± 0.1\*1.6 ± 0.42.5 ± 0.10.2 ± 0.1 Control 48 h14.6 ± 2.81.5 ± 0.30.8 ± 0.11.4 ± 0.30.06 ± 0.01 DATS 48 h26.7 ± 1.7\*2.8 ± 0.2\*1.2 ± 0.22.2 ± 0.3\*0.1 ± 0.03The cells were incubated for 24 h and 48 h in the presence of 100 µM DATS. Every value represents the mean ± SD of three to five independent experiments\** p* \< 0.05 (Student's *t* test) Table 2DATS effect on the intracellular level of GSH, GSSG, [l]{.smallcaps}-cysteine, L-cystine, and cystathionine in SH-SY5Y cellsSH-SY5Y\
cellsGSHGSSGL-CysteineL-CystineCystathioninenmol/mg protein Control 24 h2.3 ± 0.31.0 ± 0.1ND0.9 ± 0.050.7 ± 0.1 DATS 24 h7.5 ± 1.8\*1.8 ± 0.5\*ND2.6 ± 0.1\*2.0 ± 0.1\* Control 48 h2.3 ± 0.11.0 ± 0.1ND1.1 ± 0.020.7 ± 0.04 DATS 48 h7.0 ± 0.9\*2.2 ± 0.2\*ND2.0 ± 0.2\*1.9 ± 0.1\*The cells were incubated for 24 h and 48 h in the presence of 100 µM DATS. Every value represents the mean ± SD of three to five independent experiments. The level of L-cysteine was not detected (ND) in these cells\* *p* \< 0.05 (Student's *t* test)

Discussion {#Sec22}
==========

Anticancer effect of diallyl trisulfide on U87MG and SH-SY5Y cells {#Sec23}
------------------------------------------------------------------

Garlic-derived organosulfur compounds provide significant protection against carcinogenesis (Capasso [@CR6]; Wallace et al. [@CR62]). In this paper, we have demonstrated that DATS inhibits proliferation of human glioblastoma (U87MG) and neuroblastoma (SH-SY5Y) cells. Our results show once again a relationship existing between the level of sulfane sulfur and cell proliferation. From the results we can conclude that inhibition of U87MG cells growth (Fig. [1](#Fig1){ref-type="fig"}) in the presence of DATS, as well as other cysteine precursors, such as N-acetyl-[l]{.smallcaps}-cysteine (Jurkowska and Wróbel [@CR17]) and D-ribose-[l]{.smallcaps}-cysteine (Jurkowska et al. [@CR19]), is closely associated with an elevated intracellular sulfane sulfur level (Fig. [4](#Fig4){ref-type="fig"}a). Studies carried out by Predmore et al. ([@CR49], [@CR50]) in mouse models of myocardial ischemia--reperfusion injury indicated that H~2~S and sulfane sulfur levels in the DATS-treated group were also significantly higher than those in the vehicle-treated group.

Furthermore, our results show that in U87MG as well as SH-SY5Y cells, DATS-induced inhibition of proliferation is associated with inactivation (phosphorylation) of Bcl-2 (Fig. [2](#Fig2){ref-type="fig"}). Previous studies indicate downregulation of Bcl-2 in the presence of DATS in human pancreatic (Ma et al. [@CR34]), epithelial ovarian (Wan et al. [@CR63]), leukemia (Choi and Park [@CR9]), lung (Li et al. [@CR28]), breast (Malki et al. [@CR35]), and prostate (Kim et al. [@CR21]) cancer cell lines. Bcl-2 protein contains four Bcl-2 homology domains with two cysteine residues at position 158 in the α5 domain and position 229 in the carboxyl-terminal membrane anchor domain (Cys-158 and Cys-229) (Luanpitpong et al. [@CR33]). Azad et al. ([@CR1]) demonstrated that the two cysteine residues of Bcl-2 were important in the *S*-nitrosylation. Thus, it appears that modification of the Bcl-2 cysteine residues via S-sulfuration (--SH→--SSH) (Fig. [5](#Fig5){ref-type="fig"}) might be possible, especially in U87MG cells, in which DATS induces an increase in the MPST activity (enzyme responsible for the production and transfer of sulfane sulfur atoms) and sulfane sulfur level (Fig. [4](#Fig4){ref-type="fig"}a). Further studies will allow for explaining whether such a modification of Bcl-2 might be associated with the observed drop in Bcl-2 activity (Fig. [2](#Fig2){ref-type="fig"}) and inhibition of U87MG cells proliferation (Fig. [1](#Fig1){ref-type="fig"}).Fig. 5Suggested mechanisms of inhibition of U87MG and SH-SY5Y cells proliferation by diallyl trisulfide. \*These reactions were confirmed by Das et al. ([@CR11]) and by \*\*Xiao et al. ([@CR67]). The dashed lines show the suggested reactions

The observed inhibition of SH-SY5Y cells proliferation by DATS (Fig. [1](#Fig1){ref-type="fig"}) can result from production of reactive oxygen species (ROS). In SH-SY5Y cells, in which the intracellular level of [l]{.smallcaps}-cysteine is very low (Table [2](#Tab2){ref-type="table"}), inactivation (phosphorylation) of Bcl-2 caused by DATS could be probably associated with ROS production and activation of stress kinases (Fig. [5](#Fig5){ref-type="fig"}). Das et al. ([@CR11]) showed that garlic compounds (diallyl sulfide, diallyl disulfide) induced apoptosis in glioblastoma cells due to production of ROS, an increase in endoplasmic reticulum stress, a decrease in mitochondrial membrane potential, and activation of stress kinases and cysteine proteases. Treatment of glioblastoma cells with diallyl sulfide and diallyl disulfide induced an increase in phosphorylation of p38 MAPK and caused apoptosis (Das et al. [@CR11]). Xiao et al. ([@CR67]) demonstrated that DATS-induced apoptosis in prostate cancer (PC-3) cells was associated with activation of extracellular signal-regulated kinase 1/2 (ERK1/2) and c-jun N-terminal kinase 1 (JNK1) and/or JNK2. Phosphorylation of Bcl-2 reduced its interaction with Bax to trigger mitochondrial caspase cascade.

Antioxidative effect of diallyl trisulfide on U87MG and SH-SY5Y cells {#Sec24}
---------------------------------------------------------------------

Diallyl trisulfide has antioxidant effect on U87MG and SH-SY5Y cells by increasing the level of cystathionine and the level of GSH (Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}), the most important intracellular thiolic antioxidant. GSH is a major determinant of the thiol/disulfide redox state, and a critical regulator of immune function, cell senescence, apoptosis, and vital redox-sensitive signaling pathways. It is highly likely that H~2~S formation from sulfane sulfur requires GSH as both hydrogen and electron donor (Predmore et al. [@CR49], [@CR50]). It was reported that DATS led to an increase in glutathione peroxidase and thioredoxin reductase activity in human lung cancer A549 cells; the glutathione reductase activity was decreased (Hu et al. [@CR15]). In rat primary hepatocytes, DATS could enhance antioxidation and detoxification capabilities by increasing the intracellular GSH level and the activity of glutathione peroxidase, glutathione reductase, or glutathione S-transferase (Wu et al. [@CR66]). DATS reduced levels of malondialdehyde, asymmetric dimethylarginine, and acetylcholinestrase activity, while increasing GSH levels (Mostafa et al. [@CR39]). DATS inhibited oxidative stress and apoptosis in an ethanol-induced model (Chen et al. [@CR8]), and had a protective effect against arsenic-induced oxidative stress in rat erythrocytes and lymphocytes (Prabu and Sumedha [@CR48]). The levels of lipid peroxidation markers, such as thiobarbituric acid reactive substances, malondialdehyde, lipid hydroperoxides, conjugated dienes and protein carbonyl, were significantly decreased and there was a significant increase in ATPase activities and non-enzymatic and enzymatic antioxidants on treatment with DATS in a dose-related manner (Prabu and Sumedha [@CR48]).

Our results confirm the antioxidant properties of diallyl trisulfide. It induces rhodanese and MPST activity in U87MG cells (Fig. [4](#Fig4){ref-type="fig"}a). The rhodanese participates in sulfane sulfur metabolism (Ubuka et al. [@CR60]) and is one of the enzymes able to catalyze H~2~S formation, in the presence of thiosulfate and dithiothreitol (Mikami et al. [@CR37]). MPST is a protein closely related to rhodanese (Nakajima [@CR45]). Rhodanese, similarly to MPST, can generate H~2~S reacting with thioredoxin (Mikami et al. [@CR37]; Yadav et al. [@CR69]). Thus, rhodanese could be involved in both the metabolism of organosulfur compounds and in the production of H~2~S in mitochondria (Bhuiyan et al. [@CR3]). Since it has also been demonstrated that MPST has a role in anti-oxidative defense systems (Nagahara et al. [@CR42], [@CR43]), both MPST and rhodanese could also serve as antioxidant proteins (Nakajima [@CR45]). When MPST and rhodanese are oxidized, catalytic site cysteines are reversibly converted to sulfenyl (Nagahara [@CR40]). Stable and low redox sulfenate is formed and then is reduced by thioredoxin (Nagahara et al. [@CR42], [@CR43]; Nagahara [@CR40]). Under oxidizing conditions, the cysteine pool is increased because of post-translational regulation of methionine synthase (Mosharov et al. [@CR38]), cystathione β-synthase (Taoka et al. [@CR57]) and MPST (Nagahara et al. [@CR44]; Nagahara and Katayama [@CR41]). An increase in the cysteine content in the cell results in an increase in the content of cellular reductants, such as thioredoxin and glutathione. Thus, MPST and rhodanese serve as antioxidant proteins and partly maintain cellular redox homeostasis (Nagahara [@CR40]). Krueger et al. ([@CR23]) demonstrated that the reduction of rhodanese expression indicated an increase of oxidative stress and predicted mortality in hemodialysis patients. Additionally, administration of sodium thiosulfate, a substrate of rhodanese, prevented acute inflammatory liver failure by augmenting thiosulfate levels and upregulating antioxidant and anti-apoptotic defense in the liver (Shirozu et al. [@CR54]).

Conclusions {#Sec25}
===========

Diallyl trisulfide inhibits proliferation of U87MG and SH-SY5Y cancer cells. In U87MG cells, in the presence of an increased activity of MPST and rhodanese and an increased sulfane sulfur level, the sulfhydryl groups of Bcl-2 can be modified via S-sulfuration (Fig. [5](#Fig5){ref-type="fig"}). Through its effect on inactivation of Bcl-2, the modification can inhibit proliferation of these cells. In SH-SY5Y cells, where cysteine level is negligible, inactivation of Bcl-2 protein following DATS administration can result from an increased level of reactive oxygen species.

The antioxidative potential of DATS is supported by an elevated level of glutathione and cystathionine, as well as an increased activity of MPST and rhodanese in the cells.

DATS

:   Diallyl trisulfide

U87MG

:   The human glioblastoma cell line

SH-SY5Y

:   The human neuroblastoma cell line

CBS

:   Cystathionine-β-synthase

CTH

:   Cystathionine-γ-lyase

GSH

:   Reduced glutathione

GSSG

:   Oxidazed glutathione

Cys

:   [l]{.smallcaps}-cysteine

RP-HPLC

:   Reversed-phase high-performance liquid chromatography

MPST

:   3-Mercaptopyruvate sulfurtransferase

Bcl-2

:   B-cell lymphoma-2

PI3 K

:   Phosphoinositide 3-kinase

AKT

:   Serine/threonine-specific protein kinase

JNK

:   C-jun N-terminal kinase

MMP

:   Metalloproteinase

ERK

:   Extracellular signal-regulated kinases

MAPK

:   Mitogen-activated protein kinases

VEGF

:   Vascular endothelial growth factor

FAK

:   Focal adhesion kinase

Src

:   Protein tyrosine kinase

HT29

:   The human colon cancer cell line
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